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ANL/NDM-153
FAST NEUTRONS INCIDENT ON HAFNIUM
by

Alan B. Smith

Abstract

Total neutron cross sections of elemental Hf were measured from
% 0.75 % 4.5 MeV, in steps of £ 40 keV and with few-keV
resolutions. Differential elastic-scattering cross sections of
elemental Hf were measured from = 4.5 =+ 10.0 MeV, in * 0.5 MeV

steps and at 40 scattering angles distributed between = 17° and

160°. Some additional elastic- and inelastic-scattering results
were obtained at incident energies of less than 1.5 MeV. These
new data were combined with that found in the literature to
obtain as comprehensive an experimental data base as possible.
It was interpreted in terms spherical—uptical-statistical,
coupled-channels and dispersive-couple-channels models. The
physical characteristics of the resulting potentials are
discussed. These potentials are a vehicle for extrapolation,
evaluation, interpolation and physical calculation for both basic
and applied purposes. Comparisons are made with ENDF /B-6
(MAT 7200).

1. _Introductory remarks

Elemental hafnium consists of a complex mixture of odd and
even isotopes {'’‘mf (0.162%), 17Omr (5.2063), 177ms (18.606%),

178u¢ (27.2973), 1%y (13.629%) and 8% (35.100%)} [DS]. anl
are highly deformed collective rotors with "52 values of

# 0.2 =+ 0.3 [Ram+87]. The low-lying structure of the even

isotopes is typical of a ﬂ"', 2+, q*t and 6" (K = 0+} ground-state
rotational band. The respective excitation energies are very
gsimilar; =z 0.0, 0.090, 0.3 and 0.6 MevV, respectively. The
rotational bands of the two odd ‘isotopes are quite different

peing based wpon K = 7/2" (!""mf) ana Kk = 9s2* (1%

ground-state rotational bands; although the first excited states,

(9/27) and (11724 respectively, are at % 0.1 Mev, i.e. at
approximately the same energies as those of the even isotopes.
This mixture of odd and even isotopes and the complexity of the
excited structure makes the measurement and interpretation of the
fast-neutron interaction with elemental hafnium difficult. It is
probably for that reason that essentially all the experimental
knowledge of neutron scattering from elemental hafnium is
confined to the present work and a very early and much lower
energy Argonne study [SsW70]. The situation is somewhat better
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for total cross sections, but even there nothing is known above
2 20 MeV. There is very little experimental knowledge of the
fast-neutron interaction with the various isotopes. This lack of
information is, unfortunately, prevalent throughout this deformed
mass region where one would like to understand the details of the
neutron interaction with the collective configurations of both
even and odd targets.

The hafnium isotopes are well above the conventional
fission-yield curves therefore will not be a common applied
problem in the context of fission-energy production. However,
hafnium does occur with zirconium which is a common reactor
structural material, thus the nuclear properties of the hafnium
isotopes are of applied interest.

Z. Experimental procedures and results

The total-cross-section measurements were made using the
conventional mono-energetic-source technique ([SSwW70],[NG60]).
The method has been widely described, particularly in the above
references, and thus it will not be further discussed here. The

neutron source was the primary neutron group from the ?Li[p,n} ?He
reaction. The transmission sample was metallic elemental Hf of
greater than 98% chemical purity. Attention was given to
' in-scattering corrections (negligible) and dead-time effects.
The total-cross-section measurements were made from % 0.75 -+ 4.5
MeV in energy increments of = 40 keV. The incident-neutron
resolution was a few keV, and the total uncertainties of the
individual wvalues was less then several percent. These total
cross-sections are shown in Fig. 2-1. They nicely join the
lower-energy values previous obtained at this laboratory [SSW70],
as illustrated in Fig. 2-2.

The primary scattering measurements were made using the fast
time-of-flight technique with the Argonne multi-detection system
long used at this laboratory and extensively described in refs.
[CL55], [Smi+92], and refs. cited therein. The scattering sample
wWwas a 2 com long and 2 cm diameter cylinder .of high-purity

elemental Hf metal placed * 12 cm from a pulsed D{d,n]aue neutron

source at a 0° reaction angle. The incident-neutron enerqgy
spread at the sample varied from & 300 keV at 4.5 MeV to = 100
keV at 10 MeV. The scattered-neutron resolution was = 450 keV,
and thus all of the "elastic" scattering results of the present
primary work contained inelastic-scattering contaminations from
levels up to excitations of % 450 keV in the wvarious isotopes of
the element. This distortion is addressed in the model
interpretations, as discussed below. All the scattering
measurements were made relative to the standard H(n,p) cross
Bection [C5LB83], and corrected for angular resolution,
multiple-events and beam attenuation using Monte-Carloc methods
[Smig1].



The primary differential "elastic"-scattering measurements
were made at % 0.5 MeV intervals from 4.5 - 10.0 MeV. At each
energy the measurements were made at 40 angles distributed

between = 17° and 160°. The systematic uncertainties were
estimated to be ®* 2 - 3%, and the statistical uncertainties ware
2% or less in regions of large cross section, increasing to 10%
Oor more in the extreme minima of the distributions. These
"elastic"-scattering results are illustrated in Fig. 2-3,
together with their uncertainties. Comments on comparisons with
sparse other measured results are given below.

In addition to the above, a number of differential
elastic-scattering measurements were made at incident energies of
% 0.3+ 1.5 MeV in order to confirm and supplement the earlier
work of ref. [SSW70]. These measurements employed the same
methods described in ref. [SSW70]. They included some
inelastic-scattering distributions which will be discussed below.
All of these lower-energy results were obtained relative to the
differential elastic-scattering cross sections of elemental
carbon [Lan+61]. Energy averages of the "elastic"-scattering
low-energy results are illustrated in Fig. 3-3-2. Concurrently,
some low-energy differential inelastic scattering measurements
were made with emphasis on excitation energies of * 0.1 and 0.3

MeV; i.e. primarily due to the yrast 2* and 4* nembers of the
ground-state rotational bands of the even isotopes. These
results are given in Section 3-3, below.

4. Model representations
3-1. Data Base

The elemental neutron-total-cross-section data base was
taken from the present work and that reported in the literature,
as cited in the reference list. (The cited references with the
"t" superscript are sources of total-cross-section data, those
with the "s" subscript are sources of scattering data. Both
subscripts may be applicable.) In some cases the data found in
the literature was discrepant with the body of the
total-cross-section information and was abandoned. The accepted
experimental data base was ordered by energy and then averaged
over energy increments to reduce the number of experimental
values and smooth fluctuations. The energy-averaging increments
were 0.01 MeV below 0.1 MeV, 0.05 MeV from 0.1 - 0.5 MeV, 0.1 MeV

from 0.5 4 5.0 MeV, and 0.2 MeV at higher energies. This
composite, energy-averaged, total-cross-section data base is
shown in Figs. 3-2-1 or 3=-3=1, The individual

energy-average-experimental total-cross-section uncertainties are
estimated to be several percent, and there clearly is some
scatter, particularly about 8 + 10 MeV.

The knowledge of elastic neutron scattering is very largely

confined to the present work and to the very early and
lower-energy Argonne work of ref. [SSW70]. There are only three
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additional distributions reported in the literature; the 1 MeV
measurement of ref. [WB54] and the # 7 and 8 MeV distributions of
refs. [EHW73] and [HW71]. These three distributions are in
qualitative agreement with the Argonne work but quantitative
comparisons are thwarted by uncertainties in the
scattered-neutron resolution functions. There is, in addition,
some knowledge of inelastic neutron scattering from the work of
ref. [SSW70] and the lower-energy portions of the present work.
The cross sections for the inelastic excitation of the observed
# 0.1 and 0.3 MeV levels were combined with the similar values
from ref. [SSW70] and averaged over % 0.05 MeV incident-neutron
energy intervals. The results are illustrated in Fig. 3-3-3.

Throughout the interpretations the experimental
uncertainties provided by the wvarious authors were generally
accepted. Despite the present work, the above data base is far
from complete. In particular, there is no scattering information
from * 1.5 + 4.5 MeV, and none above * 10 MeV. The total Cross
sections reasonably extend to 20 MeV, but there is nothing at
higher energies. There is essentially no experimental knowledge
of the fast-neutron interaction with any of the hafnium isotopes,
and there appears to be no complimentary experimental information
dealing with the (p,p) processes.

3-2. Spherical optical model (SOM)

Clearly, in the context of elemental hafnium, consisting of
a number of strongly deformed isotopes, a simple SOM is only a
qualitative approximation. However, it does have some basic and
applied uses, e.g. as a basis for DWBA calculations. A spirit of
the present work is to develop such a qualitative SOM from the
experimental data base. The subsequent sections will deal with
the more physically appropriate and complex coupled-channels
models. There are six isotopes of elemental hafnium, four even
and two odd. The energies, spins and parities of the first
10 #+ 12 levels of each of these isotopes was taken from the
Nuclear Data Sheets [NDS]. For the even isotopes this means
levels to # 1.3 MeV, and for the odd to % 0.5 MeV. The
compound-nucleus contributions to the excitations of each of
these discrete levels were calculated using the Hauser-Feshbach
statistical formalism ([HF52], [Wol51]) as modified for
fluctuation and correlation effects by Moldauer [Mol80]. The
calculated compound-nucleus contributions of these levels were
combined in a manner that was estimated to be consistent with the
experimental resolutions at the wvarious energies. As noted
above, the experimental resolutions were too often uncertain.
Compound-nucleus contributions from higher-energy levels were
treated in a statistical manner using the theory and parameters
of Gilbert and Cameron [GC65].

Throughout this work (in both SOM, CCM and DCCHM
considerations) the real potential was assumed to have a
Woods-Saxon form. The surface-imaginary potential was taken to
bave the derivative-Woods-Saxon form. The experimental data base
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used in the model development extended to only 20 MeV, and only
to 10 MeV for scattering data. These are relatively low energies
80 volume-absorption was ignored. A real spin-orbit potential of
the Thomas form was used with the parameters fixed to those of
ref. [WGB6] for the SOM and to the values of refs. [Smi00] and
[YouB86] for the CCM and DCCM derivations. These potential forms
are defined in a number of places, for example in refs. [Hod94]
and [Hod71].

The SOM interpretations concurrently dealt with the six
hafnium isotopes using the computer code ELEMENTAL-ABAREX
[Smi99]. Treatment in this inclusive elemental manner requires
both scalar and vector potentials. It was assumed that the real
vector potential was 24 MeV, the imaginary vector potential 12
MeV, and that the spin-orbit vector potential was zero. These
are reasonably values [Hod94] and the vector contributions to the
overall potential are small {e.qg. ?r{vectur} = 24-(N-Z)/A}, thus

reasonable alternate choices of vector strengths will have
relatively minor effects. However, it should be made very clear
that the SOM parameters cited herein are only scalar parameters
to which must be added the above vector contributions. These
contributions are  properly handled by the SOM code
ELEMENTAL~-ABAREX .

The SOM geometries were derived by chi-square fitting the
above differential-elastic scattering data. It was a four-step
procedure long used at this laboratory. First, six parameter
fits (real and imaginary potential strengths, radii and
diffusenesses) were made. From these the real diffuseness (av}

was fixed. Next, five parameter fits fixed the real radius [rv}.
Herein radii are expressed in the reduced form {ri} where the

full radius is Ri = ri'hlfa, and A the target mass. Four
parameter fits then fixed the imaginary radius {rw} and three
parameter fits the imaginary diffuseness {aﬂ]. Unfortunately,

there was a lot of scatter in these various parameters and there
was a tendency for different behavior in different energy ranges.
This is not particularly surprising as the data base is not very
comprehensive, the resolutions of the measurements are uncertain
and the results include elastic and direct-inelastic scattering
not consistent with the concept of the SOM. There was not a
reasonable suggestion of an energy dependence of any of these
geometric parameters, therefore they were taken to be energy
independent with simple averages defining the values. Though the
present geometric-parameter uncertainties were large, the wvalues
appeared consistent with those established for the similar

deformed target 155Hu ([Smi00], [YouB86]), where the experimental

definition is better. Therefore, the better-known lﬁsﬂn SOM




geometries were accepted for the remainder of the SOM
interpretation [Smi00].

With geometries fixed the data base was extended to include
not only the above elastic distributions but also selections of
the energy-averaged neutron total cross sections (see Fig. 3-2-1)
stretching from 0.1 MeV to 15 MeV, and explicitly including
values at the energies of the elastic distributions. In doing so
the total-cross-section values were given a weighting 20 times
that of the individual differential elastic values. Experience
has shown that this is a good compromise in the composite fitting
of elastic- and total-neutron Cross sections. This
elastic-scattering and total-cross-section data base was then
chi-square fitted assuming that the real and imaginary scalar
strengths had a linear energy dependence. Clearly, it was a
four-parameter fit. The final SOM parameters are summarized in
Table 1. (Here, as in all potential tables of this work,
potential parameters are given to sufficient Precisions to permit
the accurate calculation of the cited results, they do not
necessarily imply parameter uncertainties.) Again, it must be
remembered that these are scalar parameters to which must be
added the vector components cited above. The energy dependence
of the real scalar strength is reasonable for a local-equivalent
SOM [PB62]. ' The imaginary-potential strength increases with
energy as one would expect from the opening of additional
channels. The magnitudes of the Jv and Jw strengths are

reasonably consistent with general trends in this deformed mass
region [Smi00]. The real-potential r, and a, are on the small

side of the average but not abnormally so. The imaginary T is
reasonable but the the imaginary a, is somewhat large. This

potential gives a very good description of the measured total
€ross sections, as illustrated in Fig. 3-2-1. The discrepancy
between calculated and energy-averaged experimental values is
generally no more than several percent (i.e. within the
experimental wuncertainties alone). At very low energies the
calculated results tend to be somewhat higher than the measured
values. That is not surprising as the measurements are very old
and there is no evidence that any consideration was given to
self-shielding effects at low energies, Such self-shielding
effects will distort the experimental results toward smaller
values in the low-energy region. The effect may be significant
but is mitigated in the present case by the multi-isotopic nature
of the elemental sample. The SOM leads to large sﬂ strength

functions, about three times those deduced from resonance
measurements, and Sl strength functions about twice those deduced

from resonance measurements [MDHB1]. These are rather large
discrepancies and may reflect the inappropriateness of the S0OM.
The SOM description of the measured differential scattering data
'is only qualitative at best. This is not surprising as most of
the measured scattering distributions contain large contributions
from the direct inelastic excitation of the first few low-lying
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levels that are simply inconsistent with the SOM assumption of
compound-nucleus inelastic-scatterimg alone. These direct
inelastic contributions are dealt with in the M discussed
below.

3=3. Coupled-channels Model (cM)

The isotopes of hafnium are clearly highly deformed rotore
[NDS]. Their excited structures are generally described by the
unified collective model of Mottelson and Milsson [MN59]. There

are six isotopes; '%mf (0.1623), 1764¢ (5.2062), 177y
1804¢ (35.1003).

(18.606%), *7®mr (27.2079), 17%¢(13.629) ana

For the present interpretations 1T4Hf can clearly be ignored due
to its very low abundance. Thus one is dealing with an element
consisting of 4 68% wvery similar even isotopes, each

Characterized by a typical 0%, 2*, 4*, 6* x =o* ground-state
rotational-band sequence following the familiar expression

[Pre62]

h

By = 71 (903=1) + 6y ; ,a(-1)7+1/2

(J+1/2)} (3-3-1)
A more commonly used form of Eq. 3-3-1 is
E(J) = E; + AJ(J+1) + B[J(J+1)]% (3-3-2)

given, for example, in ref. [NDS]. The first four levels of the
ground-state rotational band in each of the even isotopes are at
very nearly the same energy. The remaining # 32% of the element
consists of the two odd isotopes, 1'’Hf (K = 7/2" [514]
ground-state rotational band) and "%mf (k =9/2* [624]
ground-state rotational band). In addition, all of these Hf
isotopes have a number of other collective rotational and
vibrational bands at higher excitation energies [NDS]. The
calculated total and "elastic"~scattering cross sections of the
minority odd isotopes are somewhat different than those of the
majority of even isotopes, but the differences are not large.
One does not have available an elemental coupled-channels
calculational tool such as ELEMENTAL-ABAREX used in the above S0OM
context. Therefore the present CCM and DCCM interpretations are
based upon a mock even-even hafnium target having the elemental
mass of hafnium (178.49) and the level structure reported for

l?aﬂf . This is an approximation but it should be reasonably
good. A quadrupole deformation of ﬁz = 0.287 was assumed as it

is the weighted average of those values from the even hafnium
isotopes [Ram+87]. It was assumed that the ground-state (0+} and
first two excited states {2+ and 4+} were coupled in the
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calculations. An additional 17 discrete levels to excitations of
% 1.5 MeV were included in the calculations. The excitation
energies, spins and parities were taken from the Nuclear Data
Sheets [NDS]. Compound nucleus contributions to each of these
excitations were calculated using the Hauser-Feshbach statistical
model as for the above SOM. Contributions from higher-lying
excitations were calculated using the formalism and parameters of
Gilbert and Cameron [GC65], again as for the above SOM case. All
the coupled-channels calculations were carried out using the code
ECIS96 ([Ray96], [Tam65]).

The geometric parameters were determined by fitting the
differential scattering distributions combining levels in a
manner estimated to be consistent with relevant experimental
resolutions. This grouping of levels was reasonably certain for
the results of the present work, fairly clear for the low-energy
results of ref. [SSW70] but uncertain for results in the
2 1.0 =+ 1.5 MeV range of ref. [SSW70]. Therefore, the latter
block of experimental data was treated with caution. Following
the same progressive fitting procedure outlined above in the
context of the SOM, the real and imaginary radii and
diffusenesses were again reasonably determined. They were
remarkably consistent with the CCM values for holmium reported in
refs. [Smi00] and [You86]. However, the latter holmium values
were better defined therefore they were accepted for the
geometries of the remainder of the hafnium coupled-channels
fitting. Using them, two-parameter fits were used to determine
the real and imaginary CCM strengths and the respective energy
dependencies assuming that they were linear in energy dependence.
The resulting description of the energy-averaged total cross

section was reasonably good. The calculated values were a few
percent too large at 15 -+ 20 MeV and several percent too large 'in
the 1 -+ 3 MeV region. With the CCM geometries fixed,

representative experimental total cross sections extending from
% 0.1 #+ 20.0 were introduced into the considerations. Slight
adjustments of the real and imaginary potential strengths and
energy dependencies resulted in a very good description of the
total cross section from < 0.1 =+ 20 MeV as illustrated in
Fig. 3-3-1. This final set of CCM parameters is given in
Table 2. The agreement between calculated and measured total
Cross sections is within several percent over the entire energy
range. The CCM calculated and measured elastic angular
distributions are compared in Fig. 3-3-2, Below # 1 MeV and
above 4 MeV the agreement is reasonably good. Between * 1 -+ 1.5
MeV there are uncertainties regarding experimental resolution.
The figure shows three curves for each energy in this region,
corresponding to elastic, elastic + first inelastic
contributions, and elastic + first and second inelastic
contributions. For example, at ® 1 MeV the measurements appear to
be essentially elastic scatterin » while at 1.46 MeV they appear
to include both first and second inelastic-scattering groups.
The Sa strength functions calculated with the CCM of Table 2 are

only slightly larger than those deduced from measurements



[MDH81], just beyond the experimental uncertainty. However, the
calculated Sl values are a factor of two to three larger than

indicated by measurements.

The CCM potential of Table 2 was also used to calculate the
inelastic excitation cross sections for the observed = 0.09 and
2 0.3 MeV levels. About * 68% of these two cross sections are

due to the 2% ang 4% members of the ground-state rotational bands
of the even isotopes. The remaining * 32% of the contributions

were assumed to come from the K = 7/2” [”THf} and K = 972"

{l?gﬂf ) ground-state rotational bands of the two odd isotopes.
The calculated results are remarkably close to the measured
values as illustrated in Fig. 3-3-3. Attempts were not made to
calculate the cross sections for some of higher excitations. The
underlying contributing structure is not well known, the
resolution of the available experimental information is
uncertain, and both the present inelastic results and those of

ref. [SSW70] used the ?Li ( p,n]?Be reaction as a neutron source at
lower energies. That reaction emits a second neutron group that
distorts measured values at excitations of z> 0.45 MeV.

3:4. Dispersive Coupled-Channsls Modal (pec)

It is well known that there is a dispersion relationship
linking real and imaginary potentials and reflecting causality
([Sat83], [Lip66], [Pas67], [Fes58]). This relationship can be
expressed in the form '

J(E). = J(E . B dE" (3-4-1)
by = J(E)yp + & E-E"

el ']

where JHF is the local-equivalent Hartree-Fock potential, J" is

the strength of the imaginary potential (in volume-integrals per
nucleon) and "p" denotes the principle value of the integral.
This integral can be broken into surface, -‘.'sJB, and volume, de},

components

p [te JS{E'] .
dJE = -i_- i E*—_—ET dE (3—4-2}
and
+8 J__(E')
P vO ‘ o

Then J_(E) = Jagg(E) + AJ_(E) and Jefr = Jgp(B) + A3, (E), where
Jo(E) and Joo(E) are surface and volume imaginary-potential
strengths, respectively. The Hartree-Fock component ig



approximately a linear function of the energy in the range of the
present considerations, while at energies above those of the
present experiments Jvn can be expected to rise slowly with

energy. As a consequence, the two components making up Jeff can
not be experimentally distinguished. In the present work, JHF
approaches J.gg aS &Jvu is small in the range of the present

measurements. Thus, the effect of Eq. 3-4-1 is to add a surface
component to the real Saxon-Woods potential, consisting of some
fraction of Js. The magnitude of this contribution was evaluated

from the CCM potential using the methods of Lawson et al.
[LGS87]. In doing so it was assumed that the imaginary potential
was entirely a surface effect up to 25 MeV, and then fell

linearly with energy to zero at 60 MeV. Concurrently Jvu was

assumed to linearly increase with energy from zero at 25 MeV to
60 MeV where it reached the JE 25 MeV value and then remained

constant to higher energies. The imaginary potential was assumed
zero at the Fermi Energy {EF} and to have a quadratic energy

dependence to zero energy. In addition, the entire imaginary
potential was assumed to be symmetric about the Fermi Enerqgy
[JLM77]. The average EF was taken to be -7.5 as estimated from

the mass tables [Tul90]. With these assumptions the calculated
fraction of the surface-imaginary potential was essentially a
linear function energy over the energy range of the present
interpretations, falling from approximately unity at zero energy
to ®# 0.1 at 20 MeV. This surface component was introduced into
the CCM fitting procedure and and the entire fitting process of
the above CCM repeated. 1In doing so the the imaginary geometry
and the real diffuseness of the above CCM results were assumed.
Thus the fitting involved real and imaginary strengths and real
radius. The latter may change as a surface component has been
added to the real potential. As for the CCM, the fitting was
extended to include representative total-cross-section wvalues
from % 0.1 to 20 MeV The resulting potential parameters are
given in Table 3. They are the result of a single iteration as
the quality of the data base probably does not warrant further
iteration. This DCCM potential gave a very good description of
the observed neutron total cross sections, as illustrated in
Fig. 3-4-1. This potential also gave a representation of the
differential elastic- and inelastic-scattering measurements
essentially equivalent to those of the CCM and as illustrated in
Figs. 3-3-2 and 3-3-3. Thus the available experimental data is
not sufficient to distinguish between CCM and DCCM models though
the latter is more physically meaningful.

4. Physical comments
165

The SOM parameterizations of elemental Hf and Ho [Smi00]
have their useful aspects but are not physically very sound as
they give no attention to the strong collective nature of either
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of the targets. Thus, it is not particularly surprising that the .
SOM parameterization of Hf and of the nearby collective target

16500  [smi00] are ot particularly similar. Both SOM
pParameterizations are largely based upon total cross sections and
the energy dependence of the total cross sections of elemental Hf

and 1551-10 are gqualitatively different (compare Fig. 2-1 with

Fig. 3-1-1 of ref. [Smi00]). The CCM potential strengths of

elemental Hf (Table 2) and of isotopic IEEHE (Table 3-3-1 of ref.
[Smi00]) are quite similar, with differences that are reasonably
within the uncertainties of the data bases from which they were
derived. The same thing is true of DCCM potential-strength
comparisons for the two targets. 1In both cases the CCM and DCCM
real-potential strengths fall with energy as expected from the
non-locality of the nuclear force [PB62], while the imaginary
potentials increase with energy as more channels open. However,
in both cases the imaginary-potential strengths are relatively
small as one might expect from a closed-shell target, but neither
target is near a closed shell.

It is generally believed that, as the energy of the incident
particles increases, the absorption term of the potential makes a
slow transition from a surface to a volume contribution ([Hod71],
[BG69]). The energy of the onset of this transition is not well
defined and is a matter of some debate. However, it is commonly
concluded that volume absorption is negligible up to at least 10
MeV, and relatively small even at 20 MeV. 1In other words, it is
negligible or very small over the entire energy range of the
present interpretations. Thus it was ignored in all the present
model considerations. This is probably not valid for
extrapolations to much higher energies, but it should be clearly
understood that the potentials of this work are relevant only
energies of less than 20 MeV. Indeed, extrapolation of the
quadratic potential forms to much higher energies will lead to
unphysical results.

The present CCM (in the linear approximation) implies and

effective mass, m*, that can be compared with values deduced from
the non-locality of the nuclear forces as discussed, for example,
in refs. [BLM54], [Bru+56], [PB62], and [Bet56]. These concepts
have been further studied by Brown et al. ([BGG63], [BDS79])
using a dynamic theory of vibrations. It is shown in refs.
[BDS79], [MN81] and [Bau+82] that well away from the fermi energy
the ratio of the effective mass to the nucleon mass, m, is
= .

=% 0.68, which is reasonably consistent with nuclear matter

*
estimated [GPT68]. The CCM potential of Table 2 implies a 2

ratio of 0.728, which is a little larger than the theoretical
estimate, which suggests that the linear energy dependence of the
real potential give in Table 2 should be a bit larger. At the
same time the zero end point of the CCM of Table 2 is ¥ 175 MeV

11




which is qualitatively consistent with the results of global
estimates [Bau+82]. Given the uncertainties and limitations of
the available data, the CCM model seems to be in reasonably
agreement with theoretical concepts.

It is well known ([Lan62], [GS558]) that proton and neutron
potential strengths are related through the expression

o , i
Jg= 35 (L £ g 0n) (4-1)

where Ji are potential strengths (expressed as volume-integrals

per nucleon), # is the asymmetry (N-Z)/A, "i"™ may be "v" of "w"
for real or imaginary potentials and Ei is a constant equal to

® 0.5 for the real potential and % 1.5 for the imaginary
potential [Smi97]. The "+" applies to protons and the "-" to
neutrons. The present CCM potential (in the linear approximation

of Table 2) leads to J = 505.9 - 2.870E Mev-fm’, which agrees
165

with Ho value [Smi00] to within several percent. Eq. 4-1 can
be wvery useful in constructing unified neutron and proton
potentials. & Unfortunately, the author could find no relevant

experimental (p,p) scattering information for Hf, neither. could
information specialists at the NNDC.

The present CCM and DCCM interpretations assume a
#, = 0.287. That value is the average of results deduced from

coulomb-excitation studies of the even hafnium isotopes [Ram+87].
ﬁ4 is doubtless a factor in the calculations but fragmentary

experimental evidence indicates it is small (2 0.05 [Per+92]),
thus it was ignored. The deformation of the odd isotopes (= 32%
abundant) was taken to be the same as that of the even isotopes.
That is not known but it is a reasonable assumption as the level
excitation energies predicted by Eg. 3-3-3 are reasonably wvalid
with a single value of ﬂz = 0.28. 1In view of these observations,

the limitations of the experimental data base, and the
complexities of the "mock" calculational nucleus it was felt that
adjustment of ﬁz from the above values or inclusion of a ﬂ4 term

in the calculations was not warranted. Theoretical
considerations, such as the core-polarization model [MBA75], can
give guidance as to deformations applicable to neutron, proton,
and electo-magnetic processes, particularly for nuclei near shell
closures. The hafnium isotopes are not near shell closures and
very little is known of the proton interaction with them.

5 & ; {th ENDE/B-6

A substantive motivation of the present work was the
provigion of nuclear data for applications. Thus it is of
interest to compare the present results with relevant portions of

12



the ENDF/B-6 file evaluated file system [ENDF]. The ENDF/B-6
elemental hafnium file (MAT-7200) is approximately a quarter of a
century old. Thus it did not have the benefit of recent work,
particularly that of the present report, nor did computational
models approach the Present standards. Despite these
limitations, qualitative comparisons indicate that the ENDF/B-6
elemental hafnium evaluation is remarkably good, though its scope
is somewhat limited. As an exzample, the ENDF/B-6 evaluation is
compared with the energy-averaged total cross sections of the
present work in Fig. 5-1. The agreement is good but for a
few-percent discrepancy from * 1 - 3 MeV. The same discrepancy
is evident in Fig. 5-2. This small discrepancy may well be the
result of over-relying on several total-cross-section data sets
that are probably distorted by the self-shielding effect. The
elastic-scattering cross sections of the present work are
qualitatively similar to those of of the ENDF /B-6 evaluation, as
illustrated in Figs. 5-3 and -4. The evaluation seems to have

used the results from some IEZW calculations to obtain the
elastic-scattering distributions, yet the evaluated results are
qualitatively consistent with those of the present work. There
are few applications that would be sensitive to the differences
between thesge scattering distributions. As noted above,
inelastic neutron scattering from hafnium is not well known. At
the time of the ENDF/B-6 evaluation models were crude and the
only measured values were those of ref. [55W70]. Given these
limitations, the evaluation does reasonably well for the
excitation of the first few levels. For example, the evaluation
is only = 10 - 15% lower than the excitation of the = 0.09 MevV
level shown in Fig. 3-3-3,. In the light of the present
experimental work, the inelastic—scattering portions of the
evaluation should perhaps be somewhat adjusted, but not by large
amounts. Generally, the hafnium ENDF/B-6 evaluation is
remarkably suitable given its age and the information available

at the time, Modern models can extend its scope but major

substantive improvements will require significant experimental
measurements, as cited below.

6. Summary remarks

Essentially all of the experimental knowledge of neutron
scattering from hafnium and/or its isotopes comes from the

pPresent work. Despite these measurements, the present analysis
is limited by experimentally uncertainty and very large voids in
the experimental data. However, it does provide SOM, CCM and
DCCM potentials that can be useful for basic and applied
calculation.

Other than the present work and the total cross sections of
ref. [PW83], there has been no relevant new experimental
information about the interaction of fast neutrons with either
elemental or isotopic hafnium for approximately a quarter of a
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century! There is essentially no experimental knowledde of
neutron total cross sections above = 20 MeV. = Neutron scattering
over the incident neutron energy interval ® 1.5 -+ 4.5 MeV is
unknown and there are no experimental measurements of any kind of
neutron scattering above 10 MeV. Furthermore, the energy
resolution in some of the early measurements is uncertain. In
view of this lack of experimental information, it is recommended
that the following measurements be made:-

1. Elemental/isotopic total cross sections up to * 100 MeV.

2. Elemental/isotopic scattering cross sections from * 0.3 -+ 5.0
MeV.

3. A few elemental/isotopic scattering measurements in the
10 -+ 30 MeV range.

These experimental recommendations are within contemporary
technical capability. Attention should also be given to the
provision of isotopic samples. These are highly deformed
collective nuclei. An appropriate mechanism for calculation,
prediction, interpolation and extrapolation is the
coupled-channels model. It seems that no coupled-channels
calculational program exists that will concurrently handle a
number of the isotopes of an element in the context of an
experimental interpretation. Such a code should be developed.
There is essentially no knowledge of (p,p) scattering from the
isotopes of hafnium. Such a measurement Program should be
undertaken so as to make possible the derivation of complimentary
model parameters. The above shortcomings tend to be chronic in
this mass region.

The new experimental data reported in this document have
been transmitted to the National Nuclear Data Center, Brookhaven
National Laboratory.
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Table 1. Elemental hafnium SOM parameters; energies (E) in MeV,
dimensions in fermis, strengths in volume-integrals-per-nucleon

(Ji} {Hev—FmSJ, and potential depths in MeV. The cited potential

strengths are scalar strengths. In addition, there are real and
imaginary vector strengths fixed at 24 MeV (real) and 12 MeV
(imaginary), as defined in the text.

—.-.—q.-_-——.-.-_.—a___—.-_._-_.—.-u...._———q,_-_-_——-._._-——_-.-.-_——.—---...————-n-..-———.——.-———.——._—-_...._

Real potential

Depth V = 54.3018 - 0.2400E
Strength Jv = 416.2 - 1.840 'E
rv = 1.199
a, = 0.553

Imaginary potential

Depth W = 5.3405 + 0.2023.E
Strength J" = 64.95 + 2.460 'E
r‘"ﬂI = 1.266

a, = 0.815

Spin-orbit potential [WGB6]

Depth vau = 6.0
rso = 1.103
aBD = ﬂ.?ﬁ

18



Table 2. Elemental hafnium CCM pParameters; energies (E) are in
IHEV, strengths Ji in vnlume-intagrals—per—nuclaun (Hevafmaj,
potential depths in MeV, and dimensions are in fermis.

--l-—-l-————q.-—-‘.——n——-u.——“_-—-.-_—-q.-———.—.—-_-—.—_—-._-—.-——-..——q.——_——-_—.-..-_—---——-__q,.._.—.__

Real potential

V = 48.787 - 0.6319E + 0.0240.p2
Strength J_ = 465.1 - 6.024'E + 0.2288. g2

(Approx. linear behavior v = 47.949 - 0.2720:E)
1.260

e O

r
v

Imaginary potential
W= 2805 + 0.3481.E
Strength Jﬂ = 19.5 +2.419:-E
Ty = 1.2§ﬂ

a, = 0.48p

Spin-orhit potential ([Smio0], [YouB86])

6.000
1.260
0.630

]

UEO

r
50

aso
Deformation

ﬁz = 0.278
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Table 3. DCCM potential parameters. The dimensionally, the
SO-potential, the deformation, and the nomenclature are identical
to those of Table 2.

——-l-—-—--———-.-——'.._———.-.-———-—--_-———-—|q-l————-.——-—--..—-———.--_—-——.——._——-_-__—.—a_-_——.-..__...._

Real potential

V = 47.887 - 1.0485'E + 0.069132E
Strength J = 467.4 - 10.235'E + 0.6745E2
46.769 - 0.4358 E)

(Approx. linear behavior, Vv
1.2704 :

0.6300

I
v

a
v

Imaginary potential
W =2.9779 + 0.3605 E
Strength Jw = 20.7 + 2.5059 E
re = 1.2600
a = 0.4800
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Fig. 2-3. Differential elastic scattering from elemental
hafnium. The present experimental results are indicated by
symbols and curves denote legendre-polynomial fits to the
measured wvalues. Numerical wvalues indicate approximate
incident-neutron energies in MeV. Throughout this work, data are
shown in the laboratory coordinate system.
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Fig. 5-3. Comparison of ENDF/B-6 elastic Bcattering at 5 MeV
(simple curve) with that calculated with the present CCM (curve
with circular symbols).
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Fig. 5-4. Same comparisons as given vin Fig. 5-3, but at 10 MeV.
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